Previous studies have suggested that testosterone levels are linked to a variety of diseases, such as cardiovascular disease, type-2 diabetes, the metabolic syndrome, erectile dysfunction, depression, stroke and osteoporosis. Since cigarette smoking is a major health problem and highly prevalent among men, several groups have studied the effects of cigarette smoking on testosterone levels in men. However, the results have been conflicting. Our objectives were to examine the association of cigarette smoking and serum levels of sex hormone-binding globulin (SHBG), total testosterone (TT) and free testosterone (FT) in a large male population. Data from 2,021 men (989 nonsmokers and 1,032 smokers), aged 20-69, were collected from the Fangchenggang Area Male Health and Examination survey using an in-person interview and self-administered questionnaires from September to December, 2009. We have found the following: (a) smokers had significantly higher TT and FT levels compared to nonsmokers, even after stratification as per age, BMI, triglycerides and alcohol consumption. (b) Both TT (r = -0.083, P <0.001) and FT (r = -0.271, P <0.001) levels were negatively correlated to the amount of tobacco exposure. (c) Smoking was an independent influencing factor for the levels of both TT (unadjusted OR = 1.64, 95% CI: 1.33-2.01, P <0.001; adjusted OR = 1.69, 95% CI: 1.34-2.13, P <0.001) and FT (unadjusted OR = 1.32, 95% CI: 1.08-1.61, P = 0.007; adjusted OR = 1.27, 95% CI: 1-1.61, P = 0.050) levels in multivariate logistic regression models before and after adjusting for age, BMI, fasting blood glucose, triglycerides, alcohol consumption and estradiol. (d) Smoking was not found to be an independent predictor of SHBG level after adjustment for confounders in multivariate regression model (P >0.05), although a positive HORMONES 2013, 12(4):567-577 
INTRODUCTION
The total testosterone (TT) levels measured and reported in most studies include SHBG-bound testosterone, albumin-bound testosterone and unbound or free testosterone (FT). Several studies have previously reported that testosterone levels are linked to a variety of conditions and diseases, such as cardiovascular disease, type-2 diabetes, the metabolic syndrome, erectile dysfunction, depression, obesity, stroke and osteoporosis. [1] [2] [3] [4] [5] [6] [7] In addition, some studies have also demonstrated that men with low levels of free testosterone and bioavailable testosterone are at a higher risk of mortality, [8] [9] [10] and that testosterone administration can increase the risk of cardiovascular adverse events as well. 7 To reduce the risks of the abovementioned and other hormone-associated conditions, it is important that factors influencing hormone levels be identified.
Probable and possible associations of several factors, including age, cigarette smoking, body mass index (BMI), alcohol consumption and physical activity with hormone levels have been reported. [11] [12] [13] [14] [15] [16] [17] It is believed that ~34.8% of men worldwide are in the habit of smoking 18 and there have been widespread concerns regarding the relationship between testosterone levels and smoking. However, the reported effects of smoking on testosterone levels in men are controversial, with some evidence even suggesting no association 15, [19] [20] [21] [22] [23] [24] and others reporting higher 13, 14, [25] [26] [27] [28] [29] [30] [31] [32] or lower 33, 34 levels of TT among smokers compared to nonsmokers. In these studies, we also found similarly conflicting reports with regard to correlations of smoking and FT (free testosterone) and sex hormonebinding globulin (SHBG). 13, 14, 23, 31 Such discrepancies may be attributed to differences among these studies such as study sample sizes, potential confounders used for adjustment and the methods employed for estimating tobacco exposure.
The aim of our study was to examine the relationship between smoking level (defined by pack-years, a common method used to estimate tobacco exposure) and levels of TT, FT and SHBG in 2,021 Chinese men who had participated in the Fangchenggang Area Male Healthy and Examination Survey (FAMHES) in 2009.
MATERIAL AND METHODS

Study subjects
The FAMHES is a population-based study conducted among non-institutionalized Chinese people in the age range of 17 to 88 years in Guangxi province. The study was designed to investigate the effects of environmental and genetic factors and their interaction with the development of age-related chronic diseases. A comprehensive demographic and health survey was conducted among 4,303 males who participated in the large-scale physical examination at the Fangchenggang First People's Hospital Medical Centre from September 2009 to December 2009. Following provision of written informed consent by the subjects, they were asked to answer standardized health questionnaires involving demographic characteristics (age, education, occupation, marital status), lifestyle characteristics (smoking, alcohol consumption and physical activity), health status, family history and medical histories (previous surgical procedures, ongoing medication and previous cardiovascular, endocrine, liver disease, urogenital tract diseases or neoplastic conditions). All data were collected through a face-to-face interview conducted by trained physicians. Upon completion of the interview, a 10 ml sample of venous blood was obtained from each participant.
The current cross-sectional study was confined to 4,043 men aged 20 to 69 years old. Exclusion criteria for the study included the presence of self-reported diabetes mellitus (DM), neoplastic conditions, cir-rhosis or any other liver disease, infection with acute infectious diseases, use of any drug with a known effect on the endocrine system such as medication or other forms of hormonal therapy, and incomplete data with regard to smoking habits or consumption of alcohol on the previous day. Our final sample comprised 2,021 Chinese men.
Written informed consent was obtained from all subjects in the study. The research protocol was approved by the Ethics and Human Subject Committees of the First Affiliated Hospital of Guangxi Medical University.
Anthropometric measures and blood samples
Age, 11, [14] [15] [16] [17] body mass index (BMI), 12 fasting blood glucose, 1, 35 triglycerides, 36 alcohol consumption 13, 14 and estradiol levels, 13 which have all been reported to be associated with alteration in hormone levels, were chosen as potential confounding factors in this study. Anthropometric measurements were performed by trained personnel using a standardized protocol. Body height and weight were measured with participants wearing light clothing and no shoes; body mass index (BMI) was calculated as weight in kilograms divided by the square of the height in meters (kg/m 2 ). Men who had BMI 24 were considered overweight 37 and those with triglycerides 1.7 mmol/l were defined as having hypertriglyceridemia.
Overnight fasting venous blood specimens were drawn between 7:00 and 10:00 AM. All serum samples were stored at -80°C until required for processing in the laboratory. Glucose, total cholesterol, triglycerides and albumin were measured enzymatically on a Dimension-RxL Chemistry Analyzer (Dade Behring, Newark, DE, USA) in the Department of the Clinical Laboratory at the Fangchenggang First People's Hosptal, using original reagents. Serum luteinizing hormone (LH), estradiol, SHBG and TT were measured by electrochemiluminescence immunoassay on Cobas 6000 system E601 (Elecsys module) immunoassay analyzers (Roche Diagnostics, IN, Germany) using reagents from the same batch. Intra-assay coefficients of variations were 3.6% for LH, 3.4% for estradiol, 3.6% for TT and 4.4% for SHBG, respectively. FT values were calculated from TT and SHBG, based on the procedure described by Vermeulen et al (1999) . 38 
Quantification of smoking
Self-report data on smoking habits such as number of cigarettes smoked per day and duration of smoking (measured in years) were collected during personal interviews. Participants were categorized as smokers and nonsmokers based on their smoking habits. Men who had smoked cigarettes for 6 months or longer and reported that they were still smoking at the time of the interview were considered "smokers", whereas men who had stopped smoking since more than 6 months prior to the interview as well as those who had never smoked were considered "nonsmokers". In addition, to take their entire history of smoking into account, pack-years of smoking were calculated by multiplying the number of packs smoked per day (1 pack = 20 cigarettes) by the number of years smoked. 39 These data were binned into the following quartiles: 0.05-5, 5.01-11, 11.01-20 and >20 pack-years. It is believed that categorizing retrospectively calculated pack-years helps reduce potential misclassification biases. 23, 39 Moreover, in order to evaluate the effect of tobacco on hormones, smokers were also classified according to the number of cigarettes smoked per day (1-10 and >10).
Statistical analyses
All statistical analyses were performed using SPSS 17.0. Results are expressed as mean ± standard deviation (SD), unless otherwise stated. Normal distribution was evaluated by histograms and by determination of skewness. TT and FT appeared to be normally distributed; SHBG, LH and estradiol distributions were slightly skewed. Student's t-test was used to compare the means of normally distributed data and the Mann-Whitney U-test was used to compare medians of data that were not distributed normally. Two-way ANOVA was used to compare the means of TT, SHBG and FT values between nonsmokers and smokers, after stratifying all participants according to age, BMI, triglycerides and alcohol consumption. Analysis of covariance was utilized to compare the means of TT, SHBG and FT values for different groups classified based on pack-years of smoking or the number of cigarettes smoked per day. The Student-Newman-Keuls (SNK) test was used for the mutual comparison between multiple groups. The relationships between smoking and serum levels of TT, SHBG and FT were tested using a multivariate logistic regression model in which hormone levels were treated as the dependent variable. Odds ratio (OR) and 95% confidence intervals (CIs) were calculated for smokers who were in the highest quartile of the dependent variable as compared with nonsmokers, before and after adjusting for age, BMI, fasting blood glucose, triglycerides, alcohol consumption and estradiol levels. All statistical tests were two-tailed and statistical significance was defined as P <0.05.
RESULTS
Characteristics of the study populations are shown in Table 1 . Participants were in the age range of 20 to 69 years and the average age was 37.4 ± 11.2. Among the 2,021 volunteers recruited for the study, 1,032 subjects (51.06%) reported themselves to be smokers and 989 (48.94%) were nonsmokers. Smokers appeared to have significantly higher serum mean levels of triglycerides (P = 0.002), estradiol (P = 0.023), TT (P <0.001) and FT (P <0.001) and lower levels of LH (P = 0.055; borderline significant) as compared with nonsmokers. No significant difference was observed in the mean values of SHBG and BMI between smokers and nonsmokers (P = 0.169 and 0.269, respectively). Furthermore, only 72 men were considered to be "former smokers" in this study, and the exclusion of these samples from the group of nonsmokers did not affect the results (data not shown).
After considering the potential confounding factors for hormones and protein levels, we stratified all participants according to age, BMI, triglycerides and alcohol consumption. As indicated by the data in Table  2 , smokers had significantly higher TT and FT levels in stratification analyses (all P <0.05). After stratification for age, smokers had significantly higher SHBG concentration (P = 0.023). However, no significant difference was found in the mean values of SHBG between smokers and nonsmokers after stratification for BMI, triglycerides and alcohol consumption (P >0.05), although the SHBG level among smokers appeared to be higher than that of nonsmokers in every subgroup. Furthermore, the results also show that age, BMI and triglycerides were important and independent factors that influence sex hormones levels (all P <0.01).
To further evaluate the dose-response effect of cigarette smoking on SHBG, TT and FT levels, respectively, smokers were stratified into quartiles according to pack-years (0.01-5, 5.01-11, 11.01-20, data indicating that smokers have a higher probability of circulating high levels of TT (unadjusted odds ratio (OR) = 1.64, 95% CI: 1.33-2.01, P <0.001) and FT (unadjusted OR = 1.32, 95% CI: 1.08-1.61, P = 0.007) than nonsmokers in the unconditional logistic regression. After controlling for age, BMI, fasting blood glucose, triglycerides, alcohol consumption and estradiol levels, our data showed that smokers were still more likely to be in the highest quartile of TT (adjusted OR = 1.69, 95% CI: 1.34-2.13, P <0.001) and FT levels (adjusted OR = 1.27, 95% CI: 1.00-1.61, P = 0.050). The probability of possessing high SHBG levels was similar between smokers and nonsmokers before and after adjustment (unadjusted OR = 1.04, 95% CI: 0.85-1.27, P = 0.738; adjusted OR = 1.13, 95% CI: 0.90-1.42, P = 0.293).
DISCUSSION
In this large-scale epidemiological study involving Chinese men, we found for the first time that smokers exhibit significantly higher levels of TT and FT when compared with age-matched nonsmokers. Our data support reports from several previous studies in other populations. Indeed, Corona et al (2005) analyzed 1,150 men in an outpatient clinic for sexual dysfunction and reported higher levels of TT in smokers, after >20), or into two groups based on the number of cigarettes smoked per day (1-10, 11). In multivariable regression models, smokers had significantly higher TT levels in nearly all subgroups (P <0.05) as compared with nonsmokers, with the exception of the subgroup with 11.01-20 pack-years (Table  3) . Only the least smoking subgroup (0.01-5 pack years) had a significantly higher level of FT than for nonsmokers. Our results also indicate that smokers had similar SHBG levels in each smoking subgroup as compared with nonsmokers, even after adjusting for confounding factors (P >0.05).
We also analyzed the association between the levels of hormones and SHBG and pack-years of smoking among smokers by calculating the Pearson correlation coefficient. Our results indicate that both TT and FT are significantly and negatively associated with smoking pack-years (r = -0.083, P <0.001; and r = -0.271, P <0.001, respectively). Additionally, serum SHBG level was found to be significantly and positively associated with smoking dose (r = 0.174, P <0.001).
Moreover, we classified subjects with the highest quartile of values as carriers of high hormone levels ( 25.58 nmol/l for TT, 14.05 ng/dl for FT and >50.93 nmol/l for SHBG). 14,31 However, these reports were not corroborated by the findings of other studies. 15, [19] [20] [21] [22] [23] [24] Age, 11,14-17 BMI 12 fasting blood glucose 1, 35 triglycerides, 36 alcohol consumption 13, 14 and estradiol levels 13 have been proposed as potential predictors of testosterone levels in previous reports. Therefore, we not only treated them as co-variables in our multiple regression models, but also performed stratification analyses for SHBG, TT and FT by differences in age, BMI, triglycerides and alcohol-consumption subgroups. The results or trends were similar both prior to and after adjustment, which clearly suggests that, apart from age, BMI, triglycerides and alcohol-consumption, smoking is an important and independent factor that influences testosterone levels.
We also wondered whether any dose-response relationship existed between the extent of tobacco exposure and the levels of SHBG, TT and FT. Interestingly, our data showed that TT and FT levels gradually decreased with increasing tobacco exposure. This is the first large-scale study to show that the quantity of tobacco exposure in smoking is negatively associated with TT and FT levels among smokers, although smokers had higher levels of TT and FT than nonsmokers. However, previous studies have reported no such association or positive relationships. 23, 31 The study by Halmenschlager et al, comprising 255 men (2009) 23 reported finding no clear associations between increased tobacco exposure and hormone and SHBG levels, which, however, could be partly attributed to their small sample size. Further, Svartberg et al (2007) 31 analyzed 3,427 men in a cross-sectional population-based study and found that both TT and FT levels significantly increased with increasing tobacco exposure. However, these researchers employed number of cigarettes smoked per day, and not pack-years, which calculation takes into account a person's entire smoking history in order to quantify overall tobacco exposure.
No significant difference was observed in SHBG levels between smokers and nonsmokers in this study, which is consistent with a number of published reports. 13, 20, 23 On the other hand, several other studies have demonstrated higher SHBG levels in smokers. 28, 31, 40 Since SHBG levels can be affected by a variety of conditions, the association seen in previous studies 14, 28, 31 may be due to potential confounders, such as alcohol consumption and estradiol levels, which were adjusted for in our study but not in the abovementioned studies. Consistent with this explanation, the study by Shiels et al, in which percent body fat, alcohol intake and estradiol levels were considered as confounders and were adjusted for, also reported that smokers had smiliar SHBG levels to nonsmokers. 13 The relationship between smoking and levels of TT, FT and SHBG is still elusive. English et al reported that smokers had higher SHBG levels than nonsmokers; however, no difference in bioavailable testosterone (BT) was observed. Since SHBG is the main carrier of testosterone (65-80%), the increase in TT concentration may have been followed by increase in SHBG levels. 28 However, there was no significant difference in SHBG levels between smokers and nonsmokers in our study, and similar results have been reported in other studies. 13 Further, in agreement with previous studies, 14, 31 adjustment for SHBG in our study did not change the association between testosterone levels and smoking. Thus, the increase in TT levels may have been influenced more by increased BT levels. Consistent with this explanation, TT levels were observed to be associated with alteration in calculation of BT levels in our analyses (data not shown). Instead of calculating BT, which is criticized for its unreliability, it is recommended that BT be assayed using the ammonium sulfate precipitation method. 41 Unfortunately, this method was not available for application in our study and has rarely been reported in other studies. Further research will be required to determine the effects of smoking on measurements of BT.
Smoking is positively and significantly associated with TT and FT levels in men in the FAMHES, even after adjusting for age, BMI, fasting blood glucose, triglycerides, alcohol consumption and estradiol level. The mechanism mediating the effect of smoking on testosterone production remains unclear. Several studies have reported that smoking may affect testosterone production not only by chronic mechanisms but also by acute ones. More specifically, Krsmanovic et al have demonstrated that smoking could stimulate acutely the release of gonadotropin-releasing hormone (GnRH) and LH. 42, 43 Moreover, it has also been suggested that smoking can increase testosterone levels by reducing the conversion of testosterone to estradiol. 44, 45 Additionally, the effects of smoking on testosterone levels have been found to be related to the personal smoking history, and TT and FT levels appeared to be inversely associated with pack-years of smoking in our study. Therefore, it is possible that the effect of smoking on testosterone levels is also mediated indirectly through other mechanisms. Yardimci et al studied the effects of long-term cigarette smoking on Leydig cells and found that cigarette smoking reduces testosterone biosynthesis. 46 Their finding implied that smoking could lead to a gradual decrease in TT levels following long-term exposure, which may be related to the toxic effects of smoke on Leydig cells. 46 Several studies have evaluated the effects of cigarette smoking on testosterone levels based on classifications of current, former and never smokers. 13, 29, 30 We treated the men who had stopped smoking for more than 6 months prior to the interview as former smokers in the study. We found that former smokers had similar levels of SHBG, TT and FT as never smokers both prior to and after adjusting for age, BMI, fasting blood glucose, triglycerides, alcohol consumption and estradiol levels (data not shown). It appears that the effects of cigarette smoking on testosterone levels are reversed upon smoking cessation. This finding is consistent with several others reported in the literature previously. 13 Because the sample size of former smokers was only 72 in the present study, we treated them as nonsmokers, as was done by Halmenschlager et al in their study. 23 Our study has certain limitations. As the results of our data are from a cross-sectional analysis, unrecognized confounding factors that may potentially be associated with smoking, alcohol, BMI and hormone concentrations may have affected the final results, even though we employed stratification analysis and statistical adjustments. Moreover, we only classified alcohol consumption with "yes" or "no" answers and did not measure frequency or quantity of alcohol consumption. In addition, smoking status, alcohol consumption and the number of cigarettes smoked per day were all self-reported, which could have resulted in a potential misclassification bias. Further, the endocrine field is rapidly transitioning towards mass spectrometry based assays, which are well on their way to replacing direct testosterone immunoassays. Unfortunately, these methods were not avail-able to us. Finally, some nonsmokers may have also been exposed to passive smoking, but it is difficult to quantify or investigate this association.
In conclusion, our study reports that smoking is a positive and independent predictor of TT and FT levels. However, TT and FT levels appear negatively correlated with the dose of tobacco exposure among smokers. Smoking can lead to an acute increase in testosterone levels, but this can decrease with chronic exposure to tobacco by long-term smoking. Therefore, the effects of smoking on testosterone levels depend on personal smoking history. In addition, SHBG concentration increased gradually with increase in pack-years, although no significant differences in SHBG level were observed between nonsmokers and smokers. We suggest that studies should be conducted to evaluate how much of the deleterious effects of smoking on health are mediated by their effect on sex steroids.
